Purpose Cranial lacunae (foci of attenuated calvarial bone) are CT equivalents of Bcopper beating^seen on plain skull radiographs in children with craniosynostosis. The qualitative presence of copper beating has not been found to be useful for the diagnosis of intracranial hypertension (IH) in these patients. 3D morphometric analysis (3DMA) allows a more systematic and quantitative assessment of calvarial attenuation. We used 3DMA to examine the relationship between cranial lacunae and IH in children with Crouzon and Apert syndromic craniosynostosis. Methods Patients were divided into IH and non-IH groups defined on an intention-to-treat basis. Pre-operative CT scans were converted into 3D skull models and processed to quantify lacunae as a percentage of calvarium surface area (LCP). This was done on individual bone and whole skull basis. Results Eighteen consecutive children with Crouzon's syndrome and 17 with Apert syndrome were identified. Median age at CT scan was 135 days (range 6-1778). Of the 35 children, 21 required surgery for IH at median age of 364 days (range 38-1710). Of these 21 children, 14 had lacunae with mean LCP of 3% (0-28%). Of the 14 non-IH children, 8 had lacunae with mean LCP of 2% (0-8%). LCP was not significantly different between IH and non-IH groups. Parietal bones were most likely to show lacunae (IH 14/21, non-IH 9/14), followed by occipital (IH 8/21, non-IH 3/14), and frontal (IH 6/21, non-IH 2/14). Conclusion Results suggest that cranial lacunae, measured using quantitative 3DMA, do not correlate with IH, in agreement with evidence from qualitative plain skull radiograph studies.
Introduction
Craniosynostosis is defined as the premature fusion of skull sutures and can cause cranial deformities and functional problems including intracranial hypertension (IH), which in turn may cause ophthalmic and neurological deficits. Syndromic forms, such as Crouzon syndrome (CS) and Apert syndrome (AS), are associated with variable phenotypes but multisutural craniosynostosis and IH are much more common than in single-suture disease [1, 2] .
The diagnosis of IH in children with syndromic craniosynostosis can be challenging. BTextbook^symptoms such as headache and vomiting are often absent [3] , and the gold standard for diagnosis remains invasive monitoring, which, while safe, does carry a small complication rate and need for inpatient admission [4, 5] . Therefore, there has been great historical interest in non-invasive modalities for assessing the presence or absence of IH. Options that have been utilized, with varying degrees of success and uptake, include fundoscopy [6] , visual electrodiagnostic tests [7] , optical coherence tomography [8] , and optic nerve sheath ultrasound [9] .
Because none of these tests are 100% sensitive or specific, there has also been interest in exploring radiographic correlates for IH in craniosynostosis. A common finding in children with craniosynostosis is the presence of Bcopper beating^or Bdigital markings^on plain radiography. Because these radiological findings are the correlate of the intraoperative finding of impressions made by brain gyri on the inner table, it was thought that they may reflect the result of prolonged intracranial hypertension Bpushing^the brain against the inside of the skull. However, several studies have shown that the presence or absence of copper beating is not helpful in predicting intracranial hypertension [3, 5, 6, 10] . However, copper beating is a subjective measure based on plain radiography. Modern imaging techniques allow accurate three-dimensional reconstruction (3DR) of the skull. On 3DR, thinned areas of bone that on plain radiographs appear as copper beating are represented as cranial Bholes^or lacunae (Fig. 1 ). These are a common feature of 3DR CT scans of infants with syndromic craniosynostosis.
Modern image processing techniques can measure the extent of the cranial lacunae in relation to the overall skull surface area. This allows a quantitative measurement of the extent of bone thinning compared to the qualitative assessment available on plain radiography. Unlike many craniofacial units, our philosophy at Great Ormond Street Hospital has been not to perform prophylactic vault expansion surgery on syndromic craniosynostosis cases but rather wait until the child demonstrates evidence of IH on clinical, ophthalmic, electrophysiological, or direct measurement grounds [1, 2, 7, 11] . Therefore, we have a cohort of patients in which we can compare extent of cranial lacunae to IH on an intention-totreat basis, to assess whether the more quantitative measure on 3DR CT is more or less useful than the qualitative assessment of copper beating on plain radiograph. We undertook this analysis in cohorts of children with Crouzon and Apert syndrome, two of the major forms of syndromic craniosynostosis.
Methods

Patient identification and exclusion criteria
Consecutive newly referred patients with a genetically confirmed diagnosis of either Crouzon or Apert, from 2014 to 2016, were identified from our hospital Craniofacial Patient Platform database. Inclusion criteria were as follows. (1 
Definition of intracranial hypertension
IH was defined on an Bintention-to-treat^basis. Patients were divided into IH or non-IH groups dependent on whether they had surgical treatment aimed at cure of IH within 2 years of the index CT scan. Triggers for surgery in our department are (1) clinical-bulging fontanelle, headache, vomiting; (2) ophthalmologic-papilloedema, disc changes, deterioration in electrophysiological tests of vision; and (3) radiologicprogressive hydrocephalus, obliteration of basal cisterns, or progressive cerebellar tonsillar ectopia. We have previously described our protocols around management of IH in Crouzon and Apert [1, 2, 7, 11] . The IH criteria was established by a clinician (GJ) who was not involved with the 3DR surface area analysis (AM and NRF). The data was only matched after completion of both the 3DR surface area analysis and the decision on the clinical group, allowing an element of blinding into the analysis.
Measurement of cranial lacunae
The head CT scans containing the most number of slices were selected and exported in DICOM format to OsiriX (Pixmeo, Bernex, Switzerland). 3DRs of the skull were then created with a threshold of 245 Hounsfield Units (HU) and exported to 3D surface meshes in stereolithography (STL) format.
STL files were then post-processed using Meshmixer (Autodesk Inc., Toronto, ON, Canada). Extraneous objects such as nasogastric and endotracheal tubes were removed and the 3D models were re-meshed at 60% of their original density. The skull was then repositioned and sectioned along the Frankfurt plane with retention of the superior section, such that only the calvarium was being processed. The calvarium was separated into the paired frontal, paired parietal and single occipital bones (five bones per case). The external surface area of each of these bones was calculated. Thereafter, the cranial Fig. 1 Example of cranial lacunae on 3DR CT. Some example lacunae are identified by arrows lacunae were defined (Fig. 2) and automatically filled using the appropriate function on Meshmixer and the external surface areas were re-calculated, allowing a calculation of the size of the lacunae in relation to the overall bone. Cranial lacunae could therefore be expressed as a percentage of surface area, on both on individual bone and whole skull basis (lacunae-calvarial proportion).
Statistical analysis
Student's paired t test was used and significance was defined as a p < 0.05. SPSS Version 24 was used to run the statistical analyses (IBM Corp., Armonk, NY, USA).
Results
Patient identification and demographics
An initial search of our institution's Craniofacial Patient Platform identified 45 potential CS and AS cases. Of these, 38 (84%) had pre-op fine-cut CT head scans available. In 2 cases, the CTs were unsuitable for conversion into 3DR, and in 1 follow-up clinical information was not available, leaving a total of 35 cases for analysis (Fig. 3) .
Of these 35 cases, 18 had a diagnosis of CS, and 17 had AS. Of the 18 CS patients, 9 were males and 9 were females. Of the AS patients, 11 were males and 6 were females. The overall median age at index CT scan was 135 days old (range 6-1778 days old). The median age at index CT scan for CS patients was 498 days old (range 37-1778 days old), and the median age at index CT scan for AS patients was 77 days old (range 6-186 days old).
Cranial lacunae
The presence of cranial lacunae was noted in 22 of 35 (63%) cases. For all 35 cases, the overall mean lacunae-calvarial proportion (LCP) was 3% (range 0 to 28%). The most commonly affected bone across the whole series were the parietal bones (23/35, 66%), followed by the occipital bones (11/35, 31%), with the frontal bones least affected (8/35, 23%). Mean LCP for each bone was parietal 3% (range 0-33%), occipital 2% (range 0-19%), and frontal 2% (range 0-41%) (Fig. 4) . LCP decreased with age, with 21 of 27 patients aged less than 18 months having cranial lacunae (mean LCP 4%, range 0-28%), with only 1 of 8 patients aged over 18 months having lacunae (mean LCP 0%, range 0-1%). There was no statistical difference in LCP between the group aged less than 18 months and the group aged more than 18 months (p = 0.13).
Relationship to intracranial hypertension
Of the 35 patients in the study, 21 (60%) patients were assigned to the IH group as they had operative treatment to relieve IH. Seventeen patients underwent posterior vault expansion, 2 had insertion of ventriculoperitoneal shunt, 1 had spring-assisted cranioplasty, and 1 had fronto-orbital advancement. The remaining non-operated 14 patients were assigned to the non-IH group. Of these 21 children in the IH group, 14 (67%) had the presence of lacunae, with a mean LCP of 3% (range 0-28%). Of the 14 children in the non-IH group, 8 (58%) had lacunae, with a mean LCP of 2 (range 0-8%) (Fig. 5) . There was no statistical difference between the two groups (p = 0.4). For the two groups, a number of patients with craniolacunae Fig. 3 Flowchart demonstrating case selection for inclusion in study Fig. 4 Mean lacunae-cranial proportion (LCP) by cranial bone (frontal, parietal, and occipital) and syndrome and LCP for the individual calvarial bones are displayed in Table 1 . There were no significant differences detected between the two groups when scans were subdivided into individual calvarial bones (p = 0.4, p = 0.5, and p = 0.7 for frontal, parietal, and occipital bones respectively).
The highest LCP in the series was 28% (a female with CS, FGFR2 c.1040C > G mutation), with the second highest being 19% (a male with AS). These were outliers in the series, with the rest of the 33 patients falling between 0 and 8% LCP (Fig. 6) . Both of these very high LCP patients had IH (Fig. 7) .
Relationship to intracranial hypertension in Crouzon syndrome
Of the 18 CS patients, 9 were in the IH group and 9 in the non-IH group. Of the 9 in the IH group, 7 required posterior vault expansion with 2 having insertion of ventriculoperitoneal shunt. Of the 9 in the IH group, 2 (23%) had lacunae with a mean LCP of 4% (range 0-28%). In the 9 of the non-IH group, 3 (33%) had lacunae with a mean LCP of 1% (range 0-5%). There was no significant difference between groups (p = 0.4) (Fig. 5 ).
Relationship to intracranial hypertension in Apert syndrome
Of the 17 AS patients, 12 were in the IH group and 5 in the non-IH group. Of the 12 in the IH group, 10 required posterior vault expansion, 1 spring-assisted cranioplasty, and 1 frontoorbital advancement. Of the 12 in the IH group, 12 (100%) had lacunae with a mean LCP of 3% (range 1-20%). In the 5 of the non-IH group, 5 (100%) had lacunae with a mean LCP of 3% (range 1-8%). There was no significant difference between groups (p = 0.9) (Fig. 5) .
Discussion
This study found no significant difference in lacunae-cranial proportion (LCP) between syndromic craniosynostosis children with intracranial hypertension (IH) and those where this was not present. This finding is broadly in line with previously published studies which suggest that the presence or absence of copper beating on plain radiography is not a useful indicator of the presence or absence of IH [3, 5, 6, 10] . This suggests that even the addition of quantitative 3D analysis does not improve radiological prediction of IH when compared to traditional quantitative assessment of plain radiographs. This lack of correlation between LCP and IH also existed on subgroup analysis, when groups were stratified by individual cranial bone, or by syndrome (AS or CS). Posterior bones-parietal and occipital-were more affected in general than the frontal bones, but their LCP was no more predictive of the presence of IH. Lacunae were ubiquitous in AS (IH and non-IH groups alike), whereas a number of CS patients did not have any lacunae-this was true in both IH and non-IH groups.
Although the overall findings were not significant, it was noticeable that the 2 children (one CS and one AS) with markedly high LCPs (both over double the LCP of the third ranked case) both did have IH. It may be that the presence of very extensive lacunae is a more robust predictor of IH, but the number of cases in the current series was too small to assess this possibility.
In regard to the analysis, we are limited by the relatively small case number (n = 35). This is due to the rarity of syndromic craniosynostosis and is common across studies in this group [12] . We selected syndromic craniosynostosis as the study group as the risk of IH is much higher than in single-suture patients, and because clear radiological detection of IH would be very useful for management in CS and AS, for which we currently rely on a combination of clinical, ophthalmic, and radiological factors [1, 2] . A similar study using 3DR would be interesting in single-suture synostosis; however, our unit (in keeping with practice with many of the larger craniofacial units worldwide) does not routinely undertake CT scanning for single-suture cases in the absence of other concerns [13, 14] which limits the dataset available for analysis. 3D optical imaging, which avoids ionizing radiation, can reliably assess head shape in children with craniosynostosis [15, 16] but does not allow delimitation of cranial lacunae. Another issue is regarding age at index scan, which varied Fig. 7 a 3DR CT images from the most severe AS case (AS12) and b 3DR CT images from the most severe CS case (CS9). Although the Bcloverleaf^skull deformity seen in CS9 resembles that seen in Pfeiffer, this girl had no associated limb defects and genetics confirmed Crouzon (FGFR2 mutation c.1040 C > G, p.Ser347Cys) Fig. 6 Distribution of LCP across series considerably in our study group. This was predominantly due to late presentation in the Crouzon group, which can be phenotypically mild and not be diagnosed early in infancy [17, 18] . Calvarial bone thickens with age [19] and this may influence the sensitivity of LCP.
3DR allows accurate calculation of LCP in children with craniosynostosis. This study, in agreement to studies that have looked at quantitative copper beating, did not find a relationship between the degree of LCP and IH. However, the 3DR technique may be useful for further studies in this patient group.
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